Incubation of Bradyrhizobium japonicum with the cultured soybean cell line SB-1 resulted in the adhesion of the bacteria to the plant cells. An antiserum was raised against B. japonicum, and the 1251-laheled immunoglobulin fraction was used to quantitate the number of bacteria bound to the soybean cells. The measurement of '251-labeled antibody binding correlated well with parallel assays by microscopic observation.
In previous studies we have shown that incubation of Bradyrhizobium japonicum with the cultured soybean cell line SB-1, originally derived from the roots of Glycine max, resulted in specific adhesion of the bacteria to the plant cells (10) . There was correlation between Rhizobium binding and establishment of in vivo symbiosis; only homologous Rhizobium strains that normally nodulate soybean roots bound to the SB-1 cells. In all of these studies, the binding of the bacteria to the plant cell was assayed by microscopic observation. To characterize this tissue culture model of B. japonicum-soybean cell adhesion, it was of interest to correlate the various parameters that affect this binding of B. japonicum to SB-1 cells with corresponding effects on in vivo nodulation. The availability of a quantitative assay of Bradyrhizobium binding would obviously facilitate such analysis.
One approach to the establishment of a quantitative assay of the binding event is to generate antibodies specific for B. japonicum and to use it as a measure of the number of bacteria bound to a plant cell. To this end, we have obtained an antiserum directed against B. japonicum. We have characterized this antibody preparation and used it to develop a reliable assay for the analysis of the factors governing Bradyrhizobium adhesion to cultured SB-1 cells. The results indicate that the parameters which affect Bradyrhizobium binding in our tissue culture model correlate well with those observed in in vivo studies of nodulation. Moreover, many of the effects of agents that affect nodulation can now be ascribed to effects on the binding event.
MATERIALS AND METHODS Soybean root cell and Bradyrhizobium cultures. The SB-1 cell line, originally derived from soybean roots (Glycine max (L.) Merr. cv. Mandarin) (9) , was kindly provided by G. Lark, Department of Biology, University of Utah, Salt Lake City. Suspension cultures were grown in 125-ml Erlenmeyer flasks containing 50 ml of suspension cultures at 27°C on a gyratory shaker in the dark. Cultures were subdivided every 4 days by transferring 20 ml of cultures to 50 ml of fresh lB5C medium (basic medium plus 1 mg of 2,4-dichlorophenoxyacetic acid and 2 g of casein hydrolysate [pH 6 .2] per liter) (10) .
B. japonicum RllOd was obtained from Barry Chelm, and Rhizobium meliloti 102F28, R. leguminosarum 128C56, and R. trifolii 0403 were obtained from Frank Dazzo. Various Rhizobium strains were cultured on yeast extract-mannitolsodium gluconate medium at 30°C in a gyratory shaker at 100 rpm (4) . Inocula were grown to mid-exponential phase. The concentrations of the bacteria were adjusted to 2 x 108 bacteria per ml or otherwise as stated below with 1B5C medium by direct counting under the microscope.
The growth curve of B. japonicum was constructed by inoculating 0.5 ml of the bacterial suspension culture to 50 ml of fresh bacterial medium. The culture was maintained at 300C. At different time intervals, 1.0 ml of the bacterial suspension was removed and the A620 was determined.
Generation of antibody against B. japonicum. B. japonicum cells at mid-exponential phase were washed three times by centrifugation (10,000 x g for 20 min) and suspension in phosphate-buffered saline (PBS; 10 mM sodium phosphate, 0.137 M NaCl, 3 mM KCl, 1 mM MgCl2, 1 mM CaCl2 [pH 7.4]). The bacteria were suspended in water and heated for 10 min in a sand bath at 97°C. This bacterial sample was kept in the freezer at -20°C in 0.2-ml aliquots (1 mg of protein per ml). One such aliquot (0.2 ml) was diluted to 1 ml with H20, 1 ml of complete Freund adjuvant was added, and the mixture was emulsified. New Zealand White rabbits were used for immunization. Booster injections were given at biweekly intervals for 2 months with the same antigen fraction in incomplete Freund adjuvant. One week after the last injection, blood was collected. The immunoglobulin fraction was purified by protein A-Sepharose affinity chromatography (Miles Laboratories, Inc., Elkhart, Ind.). The immunoglobulin bound on the column was eluted with 0.1 M glycine (pH 3.0) and dialyzed against PBS, and the precipitate was removed by centrifugation. This immunoglobulin fraction was designated anti-Brj.
Anti-Brj was iodinated by the chloramine-T method of (18) . Purification of LPS from B. japonicum. The lipopolysaccharide (LPS) fraction of B. japonicum was isolated by phenol-water extraction (6) . The bacteria were first extracted with 0.5 M NaCl three times to remove exopolysaccharide. The resulting bacteria were suspended in water, and an equal volume of phenol was added. The mixture was incubated at 65°C for 15 min and then cooled and centrifuged at 13,000 x g for 20 min. The aqueous phase was collected. The extraction was repeated once by addition of water. The aqueous layers were combined and dialyzed against water. The sample was then applied to a Dowex AGl x 8 (acetate form) (Sigma Chemical Co., St. Louis, Mo.) column. The solution that passed through the column contained LPS and was lyophilized.
In some experiments, anti-Brj was preabsorbed with LPS. LPS (0.57 mg in 0.1 ml) was added to 6 ml of anti-Brj (1.5 mg of immunoglobulin per ml in PBS). The mixture was kept at 4°C overnight. The precipitate formed was removed by centrifugation at 3,000 rpm for 30 min. Immunoprecipitation of anti-LPS antibody was repeated four times by addition of 0.57 mg of LPS. The remaining anti-Brj was then purified on a protein A-Sepharose column to remove excess LPS. The resulting immunoglobulin fraction did not show any reactivity with LPS from B. japonicum by immunoblotting analysis.
Polyacrylamide gel electrophoresis and immunoblotting. Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS) was carried out by the procedure of Laemmli (13) with 10 and 4% (wt/vol) acrylamide in the running and stacking gels, respectively. After electrophoresis, samples were transferred to a nitrocellulose membrane (Schleicher & Schuell, Inc., Keene, N.H.) by electrophoresis (400 mA for 2 h at 25°C) (10) . The membrane was treated for 4 h with Tris-buffered saline (TBS; 20 mM Tris, 500 mM NaCl [pH 7.5]) containing 5% bovine serum albumin (BSA).
It was then incubated for 16 h with anti-Br or with anti-Brj that had been preadsorbed with LPS (immunoglobulin concentration of 20 ,ug/ml in TBS containing 1% BSA). The membrane was washed three times with TBS containing 0.05% Tween and incubated for 1 h with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin (1:1,000 dilution; Sigma). After the membrane was washed, immunoreactive components were revealed by alkaline phosphatase staining with 5-bromo-4-chloro-3-indolyl phosphate and Nitro Blue tetrazolium chloride as substrates.
Use of anti-Brj to quantitate B. japonicum. Aliquots of B. japonicum (1.0 ml) at various concentrations were incubated with anti-Brj (60 ,ug of immunoglobulin per ml in PBS-BSA containing 105 cpm of 125I-labeled anti-Bj) at room temperature for 3 h. Individual samples were filtered through a membrane filter (pore size, 0.22 ,um; Millipore Corp., Bedford, Mass.) that had been presoaked in PBS containing 5% BSA to eliminate nonspecific binding. Filtration was performed by vacuum through a water aspirator. Unbound radioactivity was removed by washing three times with 2 ml of PBS containing 0.1% BSA (PBS-BSA). The radioactivity retained on the membrane was determined in a y-spectrometer (LKB Instruments, Inc., Rockville, Md.).
Binding of B. japonicum to SB-1 cells. SB-1 cells (2-day-old cultures) were centrifuged for 2 min at 460 x g. The medium was removed and discarded. The cells were resuspended to 20% (vol/vol) in fresh medium. A cell suspension of 0.5 ml (about 106 cells) was added to a 35-mm culture dish containing 1 ml of iB5C medium, and then 0.5 ml ofBradyrhizobium suspension (108 bacteria) was inoculated into the dish. The mixtures were allowed to incubate for 16 h at 27°C without shaking. After incubation, the cells were transferred to culture tubes (12 by 75 mm) and washed three times with 2 ml of PBS-BSA by centrifugation (460 x g for 2 min) and resuspension to remove unbound bacteria. The cells were then incubated with 1 ml of anti-Brj (60 pug of immunoglobulin per ml in PBS-BSA) with a trace amount of "25I-labeled anti-Brj (105 cpm). After incubation at room temperature for 3 h with shaking, the cells were washed three times with PBS-BSA, and the amount of radioactivity was then determined. SB-1 cell samples without bacteria were used to assess for background radioactivity (about 800 cpm) in a parallel assay. All data were corrected for background radioactivity accordingly.
The following parameters were explored by this quantitative assay. (i) The effect of culture age of SB-1 cells on B. japonicum binding was investigated. SB-1 cells from a stock culture were subcultured every day for 4 days. Then we subjected them to the regular 4-day subculture schedule by transferring 20 ml of SB-1 cell suspension to 50 ml of fresh lBSC medium. The cells were kept for three passes before the bacterial binding experiments were performed. The SB-1 cells (1 to 4 days old) were washed with fresh medium and resuspended at 20% (vol/vol) of packed cells. The bacterial binding experiments were performed as described above.
(ii) The effect of the culture age ofB. japonicum on binding to SB-1 cells was investigated. B. japonicum cultures were initiated by inoculating 0.5 ml from a 4-day-old stock culture (that was kept in stationary phase at 4°C) into 50 ml of fresh medium at various time intervals. The bacteria were cultured at 30°C. They were then centrifuged at 7,700 x g for 20 min, and the bacterial concentration was adjusted to 2 x 108 bacteria per ml. The binding experiments were performed as described above.
(iii) The effect of conditioned medium from either plant cells or bacterial culture on B. japonicum binding to SB-1 cells was investigated. The conditioned medium from a 4-day-old culture of B. japonicum was obtained by removing the bacteria by centrifugation at 7,700 x g for 30 min. Similarly, conditioned medium from a 4-day-old SB-1 cell culture was obtained by centrifugation of SB-1 cells at 7,700 x g for 30 min. The bacteria and the plant cells were pretreated by mixing 20 ml of bacteria in 100 ml of SB-1 conditioned medium or 20 ml of SB-1 cell culture in 100 ml of bacterial conditioned medium, respectively. Fresh bacterial medium or lB5C medium was used as a control. The bacterial culture and the SB-1 culture were pretreated for 5 h before the binding experiments were performed. The normal and treated cells were washed once with lBSC medium and readjusted to the concentrations for the bacterial binding assay. The binding curves were constructed by taking time points at different intervals. After each time point, the cells were assayed immediately for the amount of bacteria bound.
(iv) The effect of pH, saccharides, NaCI, and EDTA was investigated. To study the effect of pH on bacterial binding to SB-1 cells, we used a constant-ionic-strength system of 0.01 (23) . Succinate buffers were used for pH 3.6 to 6.0, phosphate buffers were used for pH 6.5 to 7.5, and Tris buffers were used for pH 8 to 8.9. The buffers were sterilized by filtration (pore size, 0.22 p.m). SB-1 cells were washed twice and suspended to 20% (vol/vol) with sterile distilled H20. An aliquot of 0.5 ml of SB-1 cell suspension was added to 1 ml of double-strength buffer at various pHs; 0. incubation at 27°C for 3 or 5 h, the plant cells were centrifuged and the resulting pellets were used for measuring bound bacteria as described above. The supernatant fractions were collected, and the final pHs were determined.
The effects of saccharides, NaCI, EDTA, and ethylene When the SDS extract of B. japonicum was analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotting with rabbit anti-Brj, the immunoreactive bands yielded a ladder pattern (Fig. 1, lane 1 ibated with rabbit anti-Bri (60 ,ug/ml, 105 cpm) for 3 During the study of the effect of the initial inoculum of B.
the bacterium-bound antibody was separated from japonicum on bacterial binding to SB-1 cells, a series of light antibody by membrane filtration and washing, the micrographs was taken from parallel cultures inoculated vity associated with the bacteria was determined.
with different numbers of bacteria (Fig. 6 ). There was a as a direct correlation between the number of consistent correlation in the number of bacteria bound to the ind the level of radioactivity (Fig. 3) . gesting that a physiological response may be required before d with the cells (Fig. 4) . Thereafter, the number of the actual binding occurs. This hypothesis was tested by adhering to the plant cells gradually increased, pretreating the SB-i cells with conditioned medium obtained a maximum at about 10 h. No further increase in the from the bacterial culture or SB-1 cells to induce the )f bacteria bound was observed beyond this time.
presumed physiological response. After pretreatment for 5
ixed number of SB-1 cells, the number of adhering h, the binding experiments were performed. Pretreatment of depended on the initial number inoculated. The either bacteria with conditioned plant cell medium or SB-1 urve showed an increase with increasing bacterial cells with conditioned bacterial medium showed no facilita- (Fig. 5) . When 4.0 x 109 bacteria were initially tion of the bacterial binding (Fig. 7) Effect of growth phase of the participating cells. The ability of Rhizobium strains to infect legume roots is highly dependent on the growth phase of the bacteria (2) . The growth curve of B. japonicum in yeast extract-mannitol-sodium gluconate medium is shown in Fig. 9 (inset). The generation time for these bacteria was about 6 h. When bacteria from a different phase of the growth curve were tested for their binding to SB-1 cells, a strong dependence on the growth phase was observed (Fig. 9) . The optimal binding activity to SB-1 cells occurred during the early stationary phase of the bacterial growth curve. The bacteria at the late stationary phase showed essentially no binding activity to the SB-1 cells. When bacteria at different growth phases were tested for the binding of anti-Brj (in the absence of SB-1 cells), the immunoglobulin reacted with the bacteria to about the same extent ( Fig. 9 [inset] ). These results indicate that the binding activity of the bacteria to the SB-1 cells is highly growth regulated.
When SB-1 cells from cultures of different ages were tested for bacterial binding, no significant difference was observed.
Effects of salt and chelating agents. Previous studies on the effect of salt and chelating agents on nodule initiation have suggested that the early steps in nodule formation are extremely sensitive to NaCI and EDTA (16, 24, 26) . Therefore, it was of interest to evaluate whether these reagents were acting on the critical steps controlling bacterial attachment in our cultured-cell system. Studies of the effects of NaCl and EDTA on bacterial binding to SB-1 cells suggest that these reagents have pronounced effects on bacterial attachment (Table 2) . At an NaCl concentration as low as 50 mM, there was a significant reduction in bacterial binding. Virtually no bacterial binding was observed when 0.25 M NaCl was used. EDTA also showed a dose-dependent reduction in bacterial binding. However, 5 mM EGTA had no inhibitory effect. These results were further confirmed by microscopic observation. membrane of gram-negative bacteria, it is likely that the relative amount of anti-Brj bound in the assay would reflect the number of bacteria present. Because of the possibility that a number of variations of the culture conditions would result in the loss of antigenic determinants, parallel analyses involving direct microscopic observation were carried out to find the number of bacteria bound. In all cases, there was a direct correlation between the number of bacteria bound and the level of anti-Brj detected.
Using this quantitative assay, we have explored a number of parameters affecting the adhesion reaction between B. japonicum and SB-1 cells. The salient features of this interaction are as follows. (i) Kinetic studies showed that after a 2-to 4-h lag phase, the attachment of bacteria to plant cells increased gradually and attained saturation after about 14 h. (ii) Bacterial adhesion to SB-1 cells showed strong pH In vivo studies of soybean roots have shown that B.
japonicum could bind to the soybean cells quickly, within 1 h after inoculation (27) . In contrast, a rather long period of coculture (2 (8) proposed that Rhizobium cells bind to root hair in two phases. Phase I is a reversible step in which the bacteria become loosely associated with the plant tissue and can be easily detached by vigorous washing. This phase takes place within a few minutes to 1 h. During phase I, bacteria may be attached in random orientations to the root hair tip. Phase II involves specific attachment of the bacteria to the root hair, preferentially at one cell pole. This phase begins about 4 to 8 h after inoculation, and the bacteria become firmly anchored to the root surface. In our study, the quantitative assay showed that firm bacterial attachment did not begin until 2 to 4 h after coculturing. However, under microscopic observation, bacteria bound to the SB-1 cells within 1 h. These bacteria could be easily released by the washing procedures for our quantitation assay. Therefore, it seems that our culture system resembles the in vivo root system in that bacteria interact with plant cells through an initial loose association followed by a tight attachment. Our previous studies also showed that this binding phenomenon is highly strain specific (10) . Only Rhizobium strains that normally nodulate soybean could bind to SB-1 cells, which are of soybean origin. These results suggest that this specific recognition may play an important role in governing host specificity.
The inhibitory effect of soil acidity on the symbiotic nitrogen fixation system is well known (20) (21) (22) . Nodule formation was greatly reduced when the pH of the medium or soil dropped to 4.5. This effect of acidity on nodule formation has been ascribed to the inhibitory effect of acidity on Rhizobium growth (17) . Others have also suggested that prolonged growth in acidic medium reduces the effectiveness of Rhizobium strains to induce root hair curling and infection (20) There is a culture-phase-dependent conversion of galactosyl to 4-0-methylgalactosyl residues in the capsular polysaccharide of B. japonicum (19) . This conversion is accompanied by a decrease in its specific binding activity with the soybean lectin. Similarly, receptors for clover lectin are also apparently transient and highly dependent on the growth phase (11) . The enhanced nodulation of B. japonicum at different growth phases also correlates with a change in the synthesis of the capsular lectin receptors (2) . This relatedness between the changes in nodulation frequency and expression of the lectin receptors on the bacteria might indicate that the lectin receptor is important in the recognition process.
A prevalent hypothesis to explain the mechanism of recognition between the symbiotic bacteria and their hosts has been the existence of specific binding between the compatible bacteria and the lectin from the host root (1, 5, 7, 12) . The binding of B. japonicum to the SB-1 cells is sugar specific; lactose and galactose could specifically inhibit the binding. However, two other galactose-containing glycoconjugates, N-acetyl-D-galactosamine and melibiose, did not exhibit significant inhibition. This lack of inhibitory effect of N-acetyl-D-galactosamine is consistent with the study of Vesper and Bauer with the soybean root system (27) , but is contradictory to the results of Stacey et al. in their study of wild soybean (Glycine soya) (25) .
These reports call attention to a major problem in our analysis of this scientific problem, i.e., that the discrepancy of the results in various studies may be due to the various assay techniques used. Techniques generally used for assaying bacterial binding rely on direct microscopic observation, determination of radiolabeled bacteria, and bacterial plate count of the detached bacteria. Anatomically, sampling nonuniform root tissue may be a major factor in generating variable results in quantitation. Furthermore, the surface of the root tip is usually covered by a mucilaginous layer which contains mucous polysaccharides. This may entrap bacteria nonspecifically. Studies involving the use of a cultured-cell system may avoid some of these technical difficulties. The present attempts to examine Rhizobium-legume interactions under well-defined conditions in a tissue culture system resulted in observations similar to those reported for legume roots by endpoint measurements of nitrogen fixation and nodulation. This serves to strengthen our contention that these tissue culture approaches may permit the elucidation of the recognition mechanisms that are the first elements of the nitrogen fixation pathway leading to successful nodulation.
